Abstract. The long non-coding RNA (lncRNA) plasmacytoma variant translocation 1 (PVT1) has been identified as an oncogene in numerous diseases, and aberrant lncRNA PVT1 expression has been associated with the development of cancer. However, the underlying mechanism by which lncRNA PVT1 affects cell invasion in esophageal cancer has been not demonstrated. In the current study, the expression of lncRNA PVT1 was found to be increased in esophageal cancer specimens (n=77) by reverse transcription-quantitative polymerase chain reaction, and was correlated with tumor stage (P=0.009) and metastasis (P<0.001). In vitro, by using transwell assay, upregulation of lncRNA PVT1 promoted the invasion of TE-1 esophageal cancer cells; while downregulation of lncRNA PVT1 inhibited Eca-109 cell invasion. In addition, western blot analysis indicated that upregulation of lncRNA PVT1 may induce epithelial-to-mesenchymal transition (EMT) by regulating the expression levels of EMT markers (E-cadherin, N-cadherin and vimentin). In conclusion, lncRNA PVT1 is able to regulate the invasion of esophageal cancer cells by inducing EMT.
Introduction
Esophageal cancer is currently the sixth leading cause of cancer-associated mortality and the eighth most diagnosed type of cancer in China (1) , where the incidence of esophageal cancer is markedly increasing, most likely due to dietary habits (2) . Although great efforts have been made towards the improvement of diagnosis and therapy, the prognosis of patients with esophageal cancer remains poor (3) . Common features of esophageal cancer are metastasis and relapse, which are responsible for the low 5-year survival rates of ~14% (4) . Thus, to investigate the mechanism of cancer cell invasion may provide new insight into cancer progression and aid in developing improved therapies for esophageal cancer.
Long non-coding RNAs (lncRNAs) are >200 nucleotides in length and possess no protein-coding capacity (5) . lncRNAs have been reported to function in multiple biological processes associated with cancer progression, such as proliferation (6) , apoptosis (7) and invasion (8) of cancer cells. The gene lncRNA plasmacytoma variant translocation 1 (PVT1), which is located at 8q24. 21 , plays an oncogenic role in various types of human cancer, including pancreatic cancer (9) , lung cancer (10) and gastric cancer (11) . However, lncRNA PVT1 expression in esophageal cancer and the underlying mechanisms of its effects remain unclear.
The epithelial-to-mesenchymal transition (EMT) has been confirmed to be important in cell invasion in different cancer types (12, 13) . EMT is closely associated with the transformation and infiltration of tumor cells. Much research on the association between lncRNAs and tumor development has focused on the expression of EMT-associated proteins, such as the epithelial marker E-cadherin, and the mesenchymal markers N-cadherin and vimentin (14) . The breakdown of tight junctions is associated with the loss of epithelial markers and acquisition of mesenchymal makers (15) (16) (17) .
The current study was performed with the aim of assessing the expression of lncRNA PVT1 in esophageal cancer, and exploring the potential mechanism of lncRNA PVT1 in cell invasion. In addition, the effect of abnormal expression of lncRNA PVT1 in the regulation of EMT marker expression was investigated. 
Materials and methods

Clinical
Isolation of total RNA and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from the collected tissues using Invitrogen TRIzol reagent (Thermo Fisher Scientific, Inc.), and mRNA was reverse transcribed into cDNA. lncRNA PVT1 expression was quantified using a LightCycler Brilliant SYBR Green RT-qPCR kit (Roche Applied Science, Indianapolis, IN, USA) according to the manufacturer's protocol, with the following primers: Forward, TTG GCA CAT ACA GCC ATC AT; and reverse, GCA GTA AAA GGG GAA CAC CA. β-actin was used for normalization, with the following primers: Forward, AGC GAG CAT CCC CCA AAG TT; and reverse, GGG CAC GAA GGC TCA TCA TT. PCR was then performed on ABI PRISM 7500 System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The PCR conditions were as follows: 94˚C for 2 min, followed by 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 1 min for 30 cycles, and 72˚C for 10 min. Every independent experiment was performed three times. The 2 -∆∆Cq method (18) was used to evaluate the results of RT-qPCR in all the experiments.
Wound healing assay. The transfected cells were plated into 6-well plates and cultured with RPMI-1640 medium. After 24 h, the transfected cells were wounded with a pipette tip. Serum-free RPMI-1640 medium was added, and wound closure was observed for 48 h.
Transwell assay. A transwell invasion assay was performed with BioCoat Matrigel (BD Biosciences, San Jose, CA, USA) and invasion chambers (Merck Millipore, Eschborn, Germany) with an 8-µm pore size. The transfected cells were treated with trypsin/ethylenediaminetetraacetic acid solution, washed once with serum-containing RPMI-1640 medium. Cells (1x10 5 ) in 0.2 ml serum-free RPMI-1640 medium were seeded on a Transwell apparatus. RPMI-1640 containing 10% FBS (600 µl) was added to the lower chamber. According to the manufacturer's instructions, an invasion assay was conducted following the same procedure, with the exception that the filters of the transwell chambers were coated with 45 µg Matrigel. Following incubation of the cells for 24 h at 37˚C in a 5% CO 2 incubator, cells on the top surface of the insert were removed by wiping with a cotton swab. Cells that invaded to the bottom surface of the insert were fixed in the 100% precooled methanol for 10 min, stained in 0.5% crystal violet for 30 min, then rinsed in phosphate-buffered saline (PBS) and subjected to microscopic inspection. The values for invasion were obtained by counting three fields per membrane and represented the average of three independent experiments.
Western blot analysis. Total proteins were collected from the established cells and quantified using a bicinchoninic acid Protein Assay Kit (Beyotime, Haimen, China). Proteins were fractionated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes, blocked in 5% dry milk at 37˚C temperature for 1 h, and immunostained with antibodies at 4˚C overnight. Antibodies against vimentin (rabbit mono clonal anti-human vimentin; 1:100; ab76601) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; rabbit monoclonal anti-human GAPDH; 1:5,000; ab70699), N-cadherin (rabbit polyclonal anti-human N-cadherin; 1:5,000; ab18203) and E-cadherin (rabbit polyclonal anti-human E-cadherin; 1:1,000; ab15148) were purchased from Abcam (Cambridge, MA, USA). Next, the membranes were washed four times with PBS containing 0.1% Tween 20 (PBS-T; Sigma-Aldrich, St. Louis, MO, USA), and the secondary antibody (goat polyclonal anti-rabbit antibody; 1:1,000; ab6721; Abcam) was then added in PBS-T for 1 h at 37˚C. The membranes were next washed three times for 15 min with PBS-T. The staining was revealed using a Pierce enhanced chemiluminescence kit (Thermo Fisher Scientific, Inc.), and exposed in a Molecular Imager ChemiDoc XRS System (Bio-Rad Laboratories, Inc., Hercules, CA). The integrated density of the band was quantified by ImageJ version 1.48u software (https://imagej.nih.gov/ij/).
Statistical methods. Statistical analysis was performed using STATA 11 software (StataCorp LP, College Station, TX, USA), and presented with GraphPad Prism version 4.0 (GraphPad Software, San Diego, CA, USA). The results obtained from experiment in vitro assays are presented as the mean ± standard error of the mean from five separate experiments in triplicates per experiment, and the data was analyzed by Wilcoxon rank-sum (Mann-Whitney) test. P<0.05 was considered to indicate statistically significant differences.
Results
lncRNA PVT1 is increased in human esophageal cancer tissues.
First, the expression of lncRNA PVT1 was analyzed in esophageal cancer samples (n=77) and adjacent tissues by RT-qPCR. lncRNA PVT1 expression was significantly higher in esophageal cancer tissues than adjacent normal tissues (P=0.002) (Fig. 1A) . Its expression showed no association with gender, age, histological type or tumor size; however, there were significant associations with tumor stage (P=0.009) and metastasis (P<0.001) ( Table I) . The aberrant expression level of lncRNA PVT1 in the cancer tissues suggested that lncRNA PVT1 may play an important role in the development of esophageal cancer. Furthermore, the expression of lncRNA PVT1 was assessed in esophageal cancer cell lines (Kyse140, TE-1, EC18, Eca-109 and HKESC1) and a normal esophageal cell line (NEEC). The RT-qPCR assay indicated that lncRNA PVT1 was higher in esophageal cancer cell lines (Kyse140, TE-1, EC18, Eca-109 and HKESC1) than the normal esophageal cell line (NEEC) (P=0.016) (Fig. 1B) . Based on this expression pattern, the TE-1 and Eca-109 cell lines were selected to verify the effect of lncRNA PVT1.
lncRNA PVT1 regulates the invasion of cell lines in vitro.
To explore the mechanism of lncRNA PVT1 and cell invasion in esophageal cancer, lncRNA PVT1 expression was upregulated in TE-1 cells by transfection with lentivirus (named LV-lncRNA), and downregulated in Eca-10 cells by siRNA interference (named lncRNA-siRNA). The transfection efficiency was validated by RT-qPCR ( Fig. 2A) . A wound healing assay indicated that upregulation of lncRNA PVT1 promoted the healing of cells, Table I . Expression level of lncRNA PVT1 in esophageal cancer tissues. (Fig. 2B) . Furthermore, a matrigel invasion assay showed that upregulated lncRNA PVT1 promoted cell invasion, while suppressed lncRNA PVT1 inhibited cell invasion (P=0.0031) (Fig. 2C) . The results suggested that lncRNA PVT1 acts to regulate esophageal cancer cell invasion.
lncRNA PVT1 expression, n Samples, -----------------------------------------------------------------------------------
lncRNA PVT1 regulates EMT marker expression. To explore whether abnormal lncRNA PVT1 expression levels may be involved in the EMT process, the epithelial marker E-cadherin, and the mesenchymal markers N-cadherin and vimentin were investigated by western blotting. Upregulated lncRNA PVT1 in TE-1 cells resulted in decreased E-cadherin protein expression and increased N-cadherin and vimentin protein expression; while suppressed lncRNA PVT1 expression in Eca-109 cells resulted in increased E-cadherin protein expression and decreased N-cadherin and vimentin protein expression (P=0.0019) (Fig. 3) . This indicates that lncRNA PVT1 contributes to the regulation of EMT marker expression in esophageal cancer cell lines.
Discussion
lncRNAs have been reported to have critical regulatory roles in cancer biology (19) (20) (21) . Specifically for esophageal cancer, it has already been reported that lncRNAs contribute to proliferation and invasion (22) (23) (24) . The present study sought to provide evidence that upregulation of lncRNA PVT1 may induce EMT to promote cell invasion in esophageal cancer. The results indicated that the expression of lncRNA PVT1 was increased in esophageal cancer tissues (n=77) compared to corresponding adjacent tissues, and was associated with tumor stage and metastasis. Furthermore, in vitro, upregulation of lncRNA PVT1 promoted the invasion of esophageal cancer cell lines, and downregulation of lncRNA PVT1 inhibited the cell invasion. The major causes of mortality from cancer are complications arising from cancer cell invasion. Decreased E-cadherin and elevated N-cadherin and vimentin expression are hallmarks of EMT, which is a key element in cancer invasion (25) . EMT has been identified to be associated with tumor invasiveness, metastasis and prognosis (26, 27) . Numerous studies have established functional associations between lncRNAs and key effectors of EMT occurring in the context of carcinogenesis (28) (29) (30) . In addition to cancer progression, EMT contributes to chronic epithelial injury (31), leading to tissue fibrosis and organ failure (32, 33) . In the current study, it was also discovered that abnormal expression of lncRNA PVT1 could regulate markers of EMT. Upregulated lncRNA PVT1 in TE-1 cells resulted in decreased E-cadherin expression and increased N-cadherin and vimentin expression relative to the control cells, while suppressed lncRNA PVT1 expression in Eca-109 cells resulted in increased E-cadherin expression and decreased N-cadherin and vimentin expression. These data suggest that lncRNA PVT1 promotes esophageal cancer invasion by inducing EMT. Taken together, the findings of the present study indicate that overexpression of lncRNA PVT1 is associated with tumor stage and metastasis in esophageal cancer. In addition, upregulation of lncRNA PVT1 promotes cell invasion by inducing EMT in vitro. In the future, the pathway linking lncRNA PVT1 and EMT may be exploited in a therapeutic approach for the treatment of esophageal cancer.
